Africa is home to genetically diverse human populations. We compared the genetic structure of the Wolaita ethnic population from southern Ethiopia (WETH, n=120) with HapMap populations using genome-wide variants. We investigated allele frequencies of 443 clinically and pharmacogenomically relevant genetic variants in WETH compared to HapMap populations. We found that WETH were genetically most similar to the Kenya Maasai and least similar to the Japanese in HapMap. Variant alleles associated with increased risk of adverse reactions to drugs used for treating tuberculosis (rs1799929 and rs1495741 in NAT2), thromboembolism (rs7294, rs9923231 and rs9934438 in VKORC1), and HIV/AIDS and solid tumors (rs2242046 in SLC28A1) had significantly higher frequencies in WETH compared to African ancestry HapMap populations. Our results illustrate that clinically relevant pharmacogenomic loci display allele frequency differences among African populations. We conclude that drug dosage guidelines for important global health diseases should be validated in genetically diverse African populations.
INTRODUCTION
Several variants in genes that encode for drug metabolizing and transport proteins have been demonstrated to affect inter-individual drug responses by regulating the absorption, distribution, metabolism, and excretion (ADME) of medications. 1 Allele frequency differences for these variants are greater among African than European or Asian populations. 2 Therefore, extrapolation of allele frequencies of these variants genotyped in one African population to another African population may be misleading. 3 Given the wide genetic diversity and population structure of African populations, 4 mapping the genetic structure of African populations that were not included in international genotyping and sequencing projects such as HapMap (http://hapmap.ncbi.nlm.nih.gov/) and the 1000 Genomes project (http://www.1000genomes.org/) will be valuable to understand the spectrum of genetic variation. Including diverse African populations in genetic mapping studies will also be useful to evaluate whether allele frequencies of loci associated with disease phenotypes are transferable across populations.
Moreover, documentation of the distribution of clinically and pharmacogenomically relevant variants across diverse African populations is critical to identify individuals and populations with relatively higher genetic risk for drug-induced toxicity and reduced drug response, and to make inference on the global health implications of those variants. For example, the HLA-B*57:01 allele that is strongly associated with hypersensitivity reactions to abacavir (a drug used to treat HIV/AIDS) shows wide frequency differences among African populations, ranging from 0% in Yoruba from Nigeria to 13.6% in Maasai from Kenya. 5 Moreover, the CYP2B6*6 (rs3745274 T) allele known to be associated with high plasma concentration and adverse events to efavirenz (a drug used to treat HIV/AIDS) show significant allele frequency difference between East African populations (41.9% in Tanzanians vs. 31 .4% in Ethiopians). 6 The rs12979860 C allele associated with sustained hepatitis C virus clearance following treatment with the combination therapy of pegylated interferon-alpha and ribavirin is less common in populations of African ancestry compared to those of European or Asian ancestry, 7 and varies in frequency among African populations (e.g. 23 .5% in Biaka pygmies, 29.4% in Yoruba from Nigeria, and 59.6% in Luhya from Kenya) (http://hapmap.ncbi.nlm.nih.gov/).
Here we report genetic variations in the Wolaita ethnic population (WETH) from the Wolaita zone, Southern Ethiopia in comparison with African and non-African ancestry populations included in the International HapMap. The Wolaita are one of the indigenous population groups of Ethiopia that have inhabited the mid-and high-land areas of southern Ethiopia for several thousand years, and predominantly speak Wolaita, an Omotic branch of the Afroasiatic language family. Our aims were to determine the genetic structure of WETH as compared to global human population samples in HapMap, and to identify genetic variants of clinical and pharmacogenomic relevance that differentiate WETH from other HapMap populations.
MATERIALS AND METHODS

Data sets
We used genotype data from 120 randomly selected WETH individuals who were recruited to serve as controls in a genome-wide association study (GWAS) of podoconiosis (a type of lower limb lymphoedema resulting from long-term barefoot exposure to volcanic clay soil). 8 Ethnically matched healthy controls were selected for all the cases, all of whom had selfidentified Wolaita ethnicity. The analyzed samples did not have cryptic relatedness because significant excess sharing of marker alleles identical by descent from the same ancestral chromosome was ruled out because the PI_HAT values (a measure of the degree of genetic relationship between participants) were less than 0.05. Moreover, consanguinity is unexpected in the Wolaita population because marriage is practiced only among unrelated people. Genotyping was performed by deCODE Genetics using a chip (the Illumina HumanHap 610 Bead Chip) that contains more than 620 000 SNPs. Of the 551 840 autosomal SNPs in the raw genotype data, we excluded 39 249 SNPs that had a minor allele frequency (MAF) of <5%, 378 that were missing in more than 5% of individuals, and 321 that had a Hardy-Weinberg p-value <=0.001. The remaining 511 892 SNPs that passed quality filters were merged with the HapMap phase 3, release 2 database. The HapMap data contained 1 440 616 SNP genotypes representing the consensus dataset obtained after merging genotypes obtained from the Affymetrix Human SNP Array 6.0 and the Illumina Human1M-single beadchip in 1 184 individuals from 11 populations groups. A total of 464 642 SNPs were common to both datasets in 1 075 unrelated individuals (120 from WETH and 955 unrelated individuals included in HapMap 3). The ethno-geographical breakdown of the 955 HapMap individuals was as follows: African ancestry in Southwest USA (ASW, n=42), Utah residents with Northern and Western European ancestry from the CEPH collection (CEU, n=109), Han Chinese in Beijing, China (CHB, n=84), Chinese in Metropolitan Denver, Colorado (CHD, n=85), Gujarati Indians in Houston, Texas (GIH, n=88), Japanese in Tokyo, Japan (JPT, n=86), Luhya in Webuye, Kenya (LWK, n=83), Mexican ancestry in Los Angeles, California (MEX, n=50), Maasai in Kinyawa, Kenya (MKK, n=143), Tuscans in Italy (TSI, n=77), and Yoruba in Ibadan, Nigeria (YRI, n=108) (http://hapmap.ncbi.nlm.nih.gov/cgi-perl/gbrowse/hapmap3r2_B36/). 9 For brevity, we use HapAFR when referring to the four HapMap populations of major recent sub-Saharan African ancestry (i.e., MKK, LWK, YRI, and ASW), and HapNonAFR when referring to the remaining seven HapMap populations.
Genetic structure
Multidimensional scaling (MDS) analysis-We obtained a list of SNPs that were not correlated with each other by performing linkage disequilibrium (LD) pruning of the 551 840 SNPs in the WETH dataset using an r 2 threshold of 0.2, and a sliding window of 50 SNPs by skipping 5 SNPs between consecutive windows. A total of 123 182 SNPs remained after LD pruning, of which 112 480 SNPs were also in the HapMap data set and were used for MDS analysis as implemented in the program PLINK. To test whether middle-eastern populations that have shared genetic ancestry with Semetic-Cushitic Ethiopians also share similar level of ancestry with the Omotic WETH, we did a second MDS analysis by adding three middle-eastern populations from southwestern Asia (Bedouin from the Negev region of Israel, BED, n=45; Palestinian from the central region of Israel, PAL, n=44; and Druze from northern Israel, DRU, n=41) collected by the Human Genome Diversity Project (HGDP) as part of the Human Genome Diversity Cell Line Panel (http://hagsc.org/hgdp/ files.html). We calculated squared correlation (r 2 ) between adjacent SNPs and genome-wide mean r 2 in the program PLINK.
Fixation index (F ST )-We randomly selected 10% of the 112 480 SNPs used in the MDS analysis (i.e., n=11 240 SNPs) and calculated pair-wise F ST , a measure of the proportion of total variation in allele frequency that is due to population differences, between WETH and each HapMap population using GENEPOP, a population genetics software package that applies Weir and Cockerham's multilocus F ST estimates. 10, 11 Admixture analysis-To estimate the extent of broad genetic clusters shared between WETH and HapMap populations, we conducted unsupervised model-based clustering analysis using the 11 240 SNPs used in F ST analysis as implemented in the program STRUCTURE. 12, 13 Analysis was performed using admixture model at burn-in period of 20 000 iterations followed by 10 000 Markov chain Monte Carlo replications. To determine the number of clusters that best fit our data, we evaluated the models using the estimated log likelihood of the data at each K, for K=2 to K=12. A graphical display of the resulting clusters was produced using the program DISTRUCT. 14 
Genome-wide and pharmacogenomic variant differentiations
We conducted allelic-based (1 d.f.) chi-squared tests on the 464 642 SNPs to test genomewide allele frequency differences between WETH and each HapMap population. Next, we extracted known pharmacogenomically and clinically relevant SNPs from the Affymetrix drug metabolism enzymes and transporters (DMET) Plus platform (http:// www.affymetrix.com), 15 and the Pharmacogenomics Knowledgebase (PharmGKB, http:// www.pharmgkb.org). We found that a total of 443 SNPs represented in our datasets were also included in these databases. We compared allele frequencies of WETH with each of the 11 HapMap populations using Pearson correlation, chi-squared, and F ST tests across the 443 SNPs. P-values were considered to be statistically significant after the Bonferroni-correction was applied (P <=1 × 10 −7 i.e., 0.05/464 642 for the genome-wide test, and P<= 1.13×10 −4 i.e., 0.05/443 for the pharmacogenomic SNP test).
Ethical considerations
The study was approved by the institutional ethics review boards of the Medical Faculty of Addis Ababa University and the Armauer Hansen Research Institute-All Africa Leprosy, Tuberculosis and Rehabilitation Training Center as well as the ethics review committee of the Ethiopian Ministry of Science and Technology. Written informed consent was obtained from all participants prior to data collection. We have described, in detail, the tailored approach we followed for obtaining consent from the study participants elsewhere. 16, 17 
RESULTS
Genetic structure
In the MDS analysis, the first dimension explained 7.95% of the total genetic variance, and separated African and non-Africans. The WETH lay at the farthest end of the African cluster along the first dimension, nearest to MKK and farthest from YRI. The second dimensions explained 3.72% of the genetic variance, and separated WETH from MKK ( Figure 1 ). The WETH cluster was relatively farther from the middle-eastern population clusters (Supplementary Figure 1) . F ST analyses showed that WETH had the smallest differentiation with MKK (F ST = 0.01) and the largest differentiation with JPT (F ST = 0.12) (Figure 2 ). The genetic clusters produced in STRUCTURE for each K from K=2 to K=12 are shown in Table 1 ). Three genetic clusters formed 96.8% of ancestry in WETH: the biggest genetic cluster in WETH (cluster 7) contributing 40.4% of ancestry was shared with MKK (5.7%) and TSI (1.9%); the second cluster (cluster 6, 32.2%) formed 99.6% of the variation in YRI; the third cluster (cluster 5, 24.2%) was common in East African HapMap populations (38.7% in MKK and 10.9% in LWK) (Supplementary Tables 2 and 3 ).
Genome-wide LD pattern
The adjacent SNP LD r 2 metrics of WETH were more strongly correlated with those of HapAFR (r 2 >0.80) than with those of HapNonAFR (r 2 <0.77). Moreover, the genome-wide mean r 2 of WETH was similar to that of HapAFR and lower than that of HapNonAFR (Supplementary Table 4 ). The number of SNPs in strong LD (r 2 ≥0.8) with one or more SNPs was fewer in WETH compared with HapNonAFR, and slightly more in WETH compared with HapAFR. Within the HLA locus, in which a genome-wide significant association with podoconiosis was previously found, 8 LD was stronger and the r 2 differences between populations were smaller ( Figure 4 ; Supplementary Table 5) .
Genome-wide and pharmacogenomic variant differentiations
Allele frequencies were significantly different between WETH and HapMap populations for several SNPs (Supplementary Figure 3) , the fewest being with MKK (n=3 587 SNPs) and the most being with JPT (n=103 182 SNPs). Pair-wise comparisons of the five Africanancestry populations showed that each population had more SNPs with statistically significant allele frequency differences when compared to WETH than when compared to any other African population (Supplementary Table 6 ). Four SNPs (rs803904 and rs9697091 in ASTN2, rs10219883 in FRY, and rs10410147 in CTB-50E14.6) showed statistically significant allele frequency differences between WETH and all HapMap populations (Supplementary Table 7 ).
Pair-wise F ST analysis on the 443 pharmacogenomic variants showed similar patterns and higher levels of genetic differentiation between WETH and HapMap populations compared to the genome-wide F ST estimates (Supplementary Table 8 & Table 1 ). Plots of pharmacogenomic SNP allele frequency correlations between WETH and HapMap populations are shown in Supplementary Figure 4 . WETH had stronger allele frequency correlation with MKK (r 2 = 0.75), low to moderate correlation with other HapMap Africa populations (r 2 = 0.47-0.54), and weaker correlation with HapNonAFR (r 2 <0.30). We found that SNPs rs2242046 and rs7294 had statistically significant allele frequency differences (p<0.05) and high differentiation (F ST >0.05) between WETH and all four HapAFR. The SLC28A1 rs2242046 A allele was present at a frequency of 46% in WETH but absent in most African populations studied including HapMap YRI, San from Namibia, Biaka Pygmies from Central African Republic, Mbuti Pygmies from Democratic Republic of Congo, and Bantu speakers from Kenya (http://alfred.med.yale.edu/). The rs7294 A allele was less frequent in WETH (20%) than in HapAFR (45%-59%). The rs2242046 A allele (SLC28A1) is associated with increased dose-related toxicity of zidovudine and gemcitabine, pyrimidine analogues used to treating HIV/AIDS and several solid tumors respectively. 18 The rs2242046 A allele (SLC28A1 1561 G>A) is a non-synonymous variant resulting in an amino acid change from aspartate to asparagine that has been shown to increase uptake of a pyrimidine nucleoside into cells, 19 possibly explaining the mechanism of action of the variant. SNP rs7294 (VKORC1) is associated with variation in dose-related response to the oral anti-coagulant warfarin. 20 We also found eight pharmacogenomically and clinically relevant SNPs which displayed significant allele frequency differences between WETH and three of the four HapAFR. Notably, the NAT2 rs1799929 T allele (481 C>T), associated with slow N-acetyltransferase (NAT2) catalytic activity, 21 was more frequent in WETH (62%) than in three of the four HapMap Africa populations. We tested the strength of correlation (using an LD statistics, r 2 ) between rs1799929 and the seven SNPs conventionally used to predict NAT2 acetylation phenotype and found in our genome-wide dataset. SNP rs1799929 displayed strong correlation (r 2 ≥0.8) with rs1801280 (r 2 = 0.98) and rs1208 (r 2 = 0.81), and the haplotype frequencies were greatest for the NAT2*5B haplotype (rs1799929T-rs1801280C-rs1208G, frequency =58%). This haplotype (NAT2*5B) is associated with slow NAT2 acetylation phenotype, confirming that in WETH rs1799929 is on the haplotype background that codes for slow NAT2 acetylation status.
In addition, the slow-acetylation associated A allele of rs1495741, a recently reported tag SNP for NAT2 acetylation status 22 , had high frequency in WETH (87.1%), which is greater than any HapMap populations and third-ranking following Amerindians (92%) and Bedouin (89%) in a comparison of 54 global populations (http://alfred.med.yale.edu/) ( Table 1) . Of the 120 individuals in WETH, 98.3% had at least one rs1495741 A allele (91 were AA homozygous, 27 were heterozygous and 2 were GG homozygous) (data not shown). A total of 17 pharmacogenomic SNPs showed statistically significant allele frequency differences between WETH and HapNonAFR but not between WETH and HapAFR ( Table 2 &  Supplementary Table 9) .
We compared the allele frequency distribution of the 443 pharmacogenomic SNPs between WETH and nine Ethiopian ethnic populations (Afar, Amhara, Anuak, Ari-blacksmith, Aricultivator, Ethiopian Somali, Gumuz, Oromo, and Tigre) using publicly available genotype data. 23 We found three SNPs showing Bonferroni-corrected statistically significant allele frequency differences between WETH and Anuak, and one SNP showing significant allele frequency difference between WETH and Ari-blacksmith. The remaining 439 SNPs (99.1%) did not show significant allele frequency differences between WETH and all other ethnic groups. The small sample sizes of the individual ethnic groups (n=8-26) may have underpowered the analysis (Supplementary Table 10) .
DISCUSSION
This large cohort of the Wolaita ethnic population extends the population genetic variation map of African populations by providing data on an Ethiopian population that is not represented in either the HapMap or the 1000 Genomes Projects. Specifically, we demonstrated the spectrum of genetic variation in the Wolaita population, one of the indigenous ethnic populations of Ethiopia, in the context of African and non-African HapMap populations, and explored the clinical and pharmacogenomic implications of these genetic variations. The MDS, F ST , allele frequency, and LD analyses showed that WETH has more genetic similarity to African than non-African ancestry HapMap populations. Furthermore, compared with the Semetic-Cushitic Ethiopians, 23 the Wolaita were found to be genetically more distant from the Southwest Asians. Compared to HapAFR, the WETH were genetically closest to the Kenyan Maasai and most distant to the Nigerian Yoruba. In addition, the Kenyan Maasai were genetically closer to the Ethiopian Wolaita than any other HapMap population including the Kenyan Luhya population, which is geographically closest to the Maasai. The closer genetic similarity of the Maasai to the Wolaita than the Luhya parallels broad linguistic stratification and demographic history of the populationsthe Wolaita and the Maasai speak the Omotic and Nilo-Saharan branches, respectively, of the Afroasiatic language family, whereas the Luhya speak Bantu (http://linguistlist.org/). Together, these findings illustrate that a model that dictates inverse relationship between genetic similarity and geographic distance 24 is inadequate to infer level of genetic differentiation among African populations, and illustrates that integration of demographic, linguistic and anthropological evidence is crucial for interpretation of the findings of population genetics studies in Africa.
Our finding of three major genetic clusters, each contributing >24% genetic ancestry, in the Wolaita shows that the Wolaita have a more diverse ancestral background than HapAFR, and concurs with the wide level of genetic admixture observed in East African populations. 4 Our study participants were recruited from the Southern Ethiopia region that is known to be a mosaic of over 45 indigenous ethnic groups that have undergone inter-mixing over several thousands of years. 25 Therefore, the diverse genetic background in the Wolaita may reflect this phenomenon consistent with suggestions that the genetic spectrum of the Ethiopian population has been shaped by a complex set of demographic, cultural and historical dynamics. 23 To understand the sources of the major cluster that accounts for 40.4% of the ancestry in the Wolaita, but is far less common or absent in HapMap populations except in MKK (5.7%), it may be valuable to extend the populations studied to include other neighboring indigenous ethnic groups from southern Ethiopia. It should be noted that our goal in the STRUCTURE analysis was to estimate broad genetic clusters in the WETH in the context of HapMap populations, not to provide detailed or definitive genetic ancestral background of the WETH. Unbiased inference of genetic ancestry requires comprehensive sampling of neighboring and historically important distant populations, and should be validated in different clustering schemes using multiple data sets. In addition, the results of these analyses are highly variable depending on the population groups included and their sample size; therefore, the stability of the most appropriate value of K should be rigorously tested before ascribing ancestral origins. 12 Several pharmacogenomically and clinically important SNPs that are associated with doselimiting effects of therapies for HIV/AIDS, tuberculosis, thromboembolism and several forms of cancer were found to have statistically significant allele frequency differences between WETH and HapAFR. These observations demonstrate that the genetic diversity of African populations extends to genetic variants of clinical and functional importance. For example, rs2242046, a missense variant in the solute carrier family 28 gene (SLC28A1, also known as human concentrative nucleotide transporter 1 or hCNT1) was differentiated between WETH and HapAFR. The SLC28A1 gene is involved in the transportation of pyrimidine nucleosides and mediates the cellular uptake of antiviral and anticancer nucleoside analogs such as zidovudine which is used for treatment of HIV/AIDS and gemcitabine, which is the standard first-line agent for treatment of pancreatic cancer and solid tumors including bladder, breast and non-small cell lung cancer (NSCLC). 26 A major dose limiting adverse effect of gemcitabine is hematological toxicity such as neutropenia and thrombocytopenia, which is often addressed by reducing the dose or increasing the intervals between gemcitabine administrations. 18 The rs2242046 A allele is associated with increased hematological toxicity, and its frequency shows wide differences among populations: 3.4% in Asian Americans, 10% in African Americans, and 51.1% in European Americans. 19, 27 Therefore, our finding of rs2242046 A allele's high frequency in WETH and its absence in several African populations implies Wolaita NSCLC patients would be at greater risk of hematological toxicity on gemcitabine doses that are safe for other sub-Saharan African populations.
SNPs rs7294 and rs2108622 in VKORC1 and CYP4F2, two genes known to be principal genetic determinants of the therapeutic dose of warfarin showed significant allele frequency differences between WETH and HapAFR. Warfarin -the most widely prescribed oral anticoagulant for treating and preventing thromboembolic events -has a narrow therapeutic index and the dose of warfarin required to achieve a therapeutic response without causing severe bleeding shows large differences between individuals and populations. 28 We found that the rs7294 A allele associated with a higher warfarin dose requirement 29 has significantly lower frequency in WETH compared to HapAFR and other HapMap populations except for South East Asians. Two other VKORC1 variants that are associated with the recommendation of a low warfarin dose (rs9923231 T and rs9934438 T) also have relatively higher frequency in WETH (26%) compared to HapAFR (2.2%-16.1%) and black South Africans (4%). Based on the low frequency of rs9934438 T in most South and West Africans, a previous study has indicated that this variant has limited pharmacogenomic application in Africa. 30 In contrast, our study's finding of higher allele frequency in Ethiopians shows its potential pharmacologic relevance in East African populations. Observation of a high frequency of rs9934438 T in the South African San (33%) 31 as well as in the East African WETH concurs with previous studies suggesting the presence of ancestral affinity between Ethiopians and the Khoisan, 32 and affirms the potential clinical and public health relevance of the variant in both populations. The finding also cautions that not all African populations can be co-classified as genetically warfarin-resistant based on shared continental origin, and that prescription of high doses of warfarin to some African populations may cause serious side effects. The variant frequency distributions of rs7294, rs9923231, and rs9934438 in our study population (WETH) is different from those found in a sample of Ethiopians of mixed ethnicity, 33 further demonstrating the ethnic and genetic diversity of Ethiopians in warfarin sensitivity.
Classification of the WETH as genetically warfarin-sensitive or-resistant becomes less straightforward when we consider additional genetic markers of warfarin sensitivity/ resistance. For example, we found that the CYP4F2 rs2108622 T allele, associated with higher required warfarin dose, has higher frequency in WETH than in HapMap and in HGDPs global populations except those from the Middle East and Oceania. 31 A previous study has reported that a suggested marker of warfarin resistance in the VKORC1 gene (rs61742245 A or Asp36Tyr) has the highest frequency (15%) in Ethiopians. 34, 35 Our findings of warfarin dose-associated allele frequency differences among African populations and among individuals within the Wolaita population indicate that when feasible, doses of warfarin should be personalized based on an individual's genotypes at different loci, demographic, and clinical characteristics.
We also found that NAT2 gene alleles associated with slow acetylation status were significantly more frequent in WETH, suggesting the majority of Wolaita Ethiopians are at higher genetic risk for anti-tuberculosis drug-induced hepatotoxicity (ADIH). 36, 37 For example, three quarters of WETH were homozygous for the rs1495741 AA genotype found to be associated with strong (OR=14) increased risk for ADIH in Taiwanese. 38 ADIH is the most serious adverse reaction to the three first-line anti-tuberculosis drugs isoniazid, rifampicin, and pyrazinamide, 39 and results in serious morbidity, mortality, treatment failure and interruption, relapse and drug resistance. 36 Our finding of increased genetic susceptibility for ADIH in this Ethiopian population is consistent with previous reports of high incidence of ADIH (11.3%-30%) [40] [41] [42] and anti-tuberculosis drug induced jaundice (8.9%) 43 in Ethiopian patients. The World Health Organization ranked Ethiopia as the 7 th high tuberculosis-burden country; 44 therefore, pharmacogenomics-informed antituberculosis drug dosages may be valuable in Ethiopia.
In all, our study has presented a genetic map of the Wolaita, an Omotic language speaking Southern Ethiopian ethnic population, in the context of other African and non-African populations. We found that genetic variants associated with dose-response in therapies for important infectious and non-infectious diseases (tuberculosis, HIV/AIDS, cardiovascular conditions, and cancer) were differentiated between the Wolaita and HapAFR, indicating that genetic tests for predicting drug dose requirements should be implemented in diverse African populations.
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